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A detailed examination of simultaneous digitally enhanced flow
visualization results and surface pressure measurements was conducted
to develop insight into the relationships between dvnamic stall
vortex development and airfoil surface pressure leveis, The
experimental situalion involved a two-dimensional MNACA 0015 airfoil
driven at constant pitching rates over attack angles from rzero tec 60
degrees. Specific attention was focussed on woderately low non-
dimensional pitch rates such that only a single dynamic vovrifex was
present on the airfoil surface at any one time. The analyses show
that the development of a dynawic stall vortex over the top surface
of the airfoil does net enhance the instantaneous 1ift. The
initiation of the dvnamic stall vortex appesars to correspond closelv

to a leveling of the 1iff curve as a function of attack angle. lLater
rapid growth of the stall vortex accompanies a decrease in 1ift. The

eventual detachment of the stall vortex (rom the airfoil corresponds
1o a simultaneous decrease in the pressure drag on the airfoil., \Tl))(%/
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Abscrace Introduccion
A detailed examination of simultancous Recent experimencs concerning the unsteady
digitally enhanced flow visualization results and &l’TOd)'“i“n(iff of pitching airfoils hy Walker, He{il)l
surface pressure wcasurements was conducied (o and  Chou and Jumper, Shreck, and Dimmick
develop insight into the re.ationships between have demonstrated that large percentage enhance-
dynamic  stall wvortex development and airfoil meats of maximum 1ift coefficients can be obtained
surface pressure Jevels. The exparimental situa- from relatively low nondlmensional pitch rates.
tion involved a two-dimensional NACA 0015 airfoii Yor nondimensional pitch r tez-‘) as low as a = 0.05
driven At constant pitching rates over attack both experimental studies reperted Increases
angles from =zero to 60 degrees. Specific in maximum 1lift coefficients of over 100% for a
atrention was focussed on moderately low noon- NACA (015 airfoil. Fven at the minimum pitch rate
dimensional pitch rates such that only a singie of a e 0.02 reported by Jumper, Shreck, and
dynamic vortex was present on the airfoil surface Dinmick an iuncrease of over 504 in maximum lift
at any instant in time. The analyses show that coefficient was observed,
the development of a dynamic stall vortex over the These impressive experimental resulits demon-
top surface of the airfoil. does not ennance the strate ihe potential benefite available from the
instantaneous lift. The initiation of the dynamic explo‘tation of unsteady aerodynamic effects.
stall wvortex appears to correspond closely to However, more understanding of the connections
leveling of the 1ift curve as a function of attack between the complex unsteady flow phencmena and
angle. Later rapid growth of the stall vortex ig the resulting aerodynamic forces 1s preseuntly
found to accompany a decrease in lift. The needed to develop practical applications cmploying
eventual detachment of the stall vortex from the these effects. One of the sigrificant practical
airfoil is observed to corvespond to a simul- applications involves improving the Hjlcuvera—
tancous decrease in the pressure drag on the bility of high performance aircraft The
airfoil. resulis presented here are aimed at improving this
situation by developing direct comnections between
Nomenclacure the separated flow phenomena and the imnstantaneous
pressure forces on the airfoil.
c airfoil chord length The exper ‘mental situation analyzed iun this
4 coefficient of pressure drag, DA(l/') 0 Uz ) study involves a two-dimensional NACA 0015 airfoil
CI coetficient of lifec, L/(1/2 p U <) which is pitched at constant rotation rates from
o pressure zero to 60 dogrees in a uniform stream of air.
r radial distance from pivot to position on Motion pictures of smoke streakliae development
) airfoil surface synchronized with iastantaneous surface pressure
s tangential direction along aivloil surface data are used to provide informarion concerning
€ time the velationships between the flow phenomena and
tx  tU_/c the surface pressure field. — Moderately low
"o tangcntial \vn]ocj_ty or airfoil surface nopdimensional pitch rates of a = 0.1 and 0.2 are
u_ erL stream veloecity wagnitude focussed on here because under these conditions
U+ /U only onc dynamic stall vortex is present i1rstan-
x ftv stream velocizy direction 1gnt_ouoly on the airfoil upper surface. At higher
z tangential lirection on airfeil surface a values multiple dynamie stall vortices may
normil to x appear simultaneously on the airfoil upper sur-
vl angle of attack faces making interpretations concerning  the
] atrack angle rotation rarte effects of individual dynsmic stall vprtices wore
4, vate of change of rotation rate difficult. 1In addition these low o« situations
o nondimensional rotation rate (uc/U) are Important because, as montioned previously,
r zirculation density the largest clxango.s in maximum 1lift coefficient
i} angle between chord axis and r for a given a change are observed at these low
g angle betweer local surtace taggent and chiovd rotation rates.
p density of air 1he primary focus of this stud; concerns the
development a~d motion of the dynamic stall vortex
* - Student member, ALAA and 1ts influence on the instant&:meous pressure
+ - Member, ALAA field of the airtoll. McCroskey states that
4++- Associate Fellow, ALAA the developument of the dysumic stall vortex, which
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' apparently is a localized vegion of high vorticity
on the upp-r surface of the airfoil, secms to be
connected to the extension of the 1lifr curve
sssociated with the unstiady motinn of the aix-
foll. To iuvestigate thr¢ =ubject the present
study employs imapge analysi. techniques to quantf-
fy the growth and motion of the dynamic stall
vortex for direct comparison to the resulting
forces on the airfoil.

Experimenital Procedurces

The experiments were performed in the USAY
Academy's low spead wind tunnel, u?i‘h was
described previously in Helin and Walker 7°, The
crosssection of the test facility was 0,61 x 0.92
meters. The NACA 0015 airfoil had a choxd length
of 0.15 meters with a span equal to the test
section dimension of 0.56 metetrs. For the results
presented here the airfoil was pitched about the
quarter chord position.

The surface pressure measurements were
obtained using Endeveo 8507-2 miniature pressure
transducers mounted in close coupled configuration
to surface pressure ports. Flow visualizaticn
streakline photographs were produced using smoke
wire techniques 1n conjunction with high speed
photography.

D.gital image analysis of the photographic
results were performed wusing an International
Imaging System 570 in conjunction with a VAX
11/780 wminicomputer. Analyses of the point sensor
data werc also carried cut in 2igital format using
the VAX 11/780 and a tassComp MC-50C microcom-
puter.

The results presented here are for a free
stream velocity of 6.1 m/scec with pitch rates of
230 deg/sec and 460 deg/sec for the a = 0.1 and
« = 0,2 cases respectively. The Reynolds number
of the flow based on the airfoil chord and the
freec stream vclocity was 63,500, % perimental
c¢bscervations by Walker, ilelin and Chou ") indicate
that the major flow featurcs are ralatively inde-
pendent of increasing Reynolds number at or beyond
this value.

Results
Flow Visualization:

The development of a dynamic stall region on
the NACA 0015 airfoil pitching at an a = 0.2 {is
showit in figure 1 through a sequence of flow
visualization photographs at dincreasing attack
angles. These photographs show that an obvious
stall vortex reglen dinitially forms over the
forward portion of the upper airfoil surface at an
angle of attack near 25°. The dynamic vortex
region then grows and develops with idncreasing
attack angle until its final departure from the
airfoil at an angle near 41°.

To define the boundary of the dynamic stall
vortex for the purpose of quantifying its growth
and motion a digital image analysis technique was
employed which dincrecased the contrast between
light and dark areas on the photographs. The
application of this technique to a typical photo-
graph from the flow visvalization depicting the
flow near the upper surface of the airfoil is
shown 1s shown in figure 2. VFigure 2a shows the
origlnal dimage and 2b displays the resulting
enhanced image. Lines drawn to indicate the boun-
dary of the dynamic stall vortex are shown in
figure 2c. The location of the outlined boundary
depends upon separating the flow involved in the

Figure 1. Sequence of flow visualization photo-
g;aphs at increasing attack angles,
a = 0.2,
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Figure 2. Digital irmage analysis of visualization
photographs. o = 32°, a = 0.2,

vortex from the surrounding potential flow. This
is relatively simple for the leading and upper
surfaces of the stall vortex repyion wvhere a clear
demarcation between the chaotic turbulent rota-
tronal flow associated with the vortex region and
the smooth streakline patteins associated with the
outer potential flow can be made. Unfeortunately,
no clear separation between the downstieam section
of the stall vortex and the thin turbulent separ-
ated Llow region covering the remaiving portion of
the airfoil upper surface can be determined from
single  dwmage. To delineate  the atfc  sectiloen
boundary of the stall vortex recourse 1s made to
the eventual departure of che vortex trom the
airfoil surtace.

A sequence of enhanced images of a typical
depature event are shown in figure 3. Figure 3a
shows the dynamic vortex just prior to departure.
At this point no obvious zeparation between the
iower vortex surlacve and the upper airfoil surtace
is apparent. Figure 3b displays the vertex regfon
at approximately the moment of departure. A clear

a. Voitex just prior to departure, o = 3

Y 9 ~
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W St RN :
b. Vortex at approximately the woment o
departure, a = 41°.

Figure 3. BSequence of enhanced images of dynamic
stall vorgex departure from the airfoil
surtace a = 0.2,

separation betweea the lower vertex boundary oand
the airfoil surface can be observed. Somewhae
after departure the stall vorcex region becomes
significantly  disconnected from the surtace
airteil flow as indicated in figure 3c.

Unce the dynamic stall vortex has departed
the airfoil svrface @ clear distinction concerning
the entire surrounding bovudary of the stali
vortex -an be made. Working back in time frame by
frame using this kunowledge concerning the boundary
qf the departing vortex and noting swmilar tiow
teatures between frames a reasonably objective
delincation of the downstream boundary of the
stall vortex at each instant in time is possible.
This approach is thus based ou imposing that rthe
bounding fluid clements associared with the stall
vortex artzr departure be defined alse as rhe
vounding elements prior to departure, 1he dynamic
stall vortex boundary is therefore associated with
whit 1is conventionally known as a fluid curve.
Employing the previously discussed pracedures the




svnamic stall vortex size and loecation was gquanti-
lied as a function ol attack anplte for direct
cemparison to the surface pressure medasurcements,

The vouvtex area prowth as a function of
attack angle was chrained using an lwmape analysis
program to color rhe vertex region. A o X b pixel
grid was then placed over the arciticially colored
atea.  The number ot grid squares associated with
the ¢olored region was theun computed to produce
rcnsonqbly aecurdate  vortex area cstimate, For
cach a wvalue the area measurement was initinved
vhen the dynamic stali vortex was first discera-
ahle on the top surface of the aicfoil.  The area
measurement wags then continued until the vortex
wvecame clearly detached from the airfoil surface
ov the maximum attack angle was reached.

Vortex growth as_ a tuncrion ot angle of
attack for constant a conditions are shown in
tigures 4a and 4b.  The farthest left point on
each curve identifies the first indication of the
formation of the stall vortex on the airfoil,
Imnediafely after the initiation of the vortex
toth « situations indicate that a vregion of
relatively slow growth ensues suggesting a quasi-
stable  situation. This situation however is
guickly followed by a faster growth region during
which the vortex departs from the surface. The
departure of #he vortex from the surface occurs, at
32° for the a = 0.1 case and at 4l1° for the a =
0.2 case,

05—
o4 -
~
w
~ 03
D¢
w
o4
<
b 02
I}
-
i
[e)
>
0l
o L ]
G 30 i) o

Figure 4a. Dynamic stall vortex growth+as a
function ol attack angle, o = 0.1.

The relationship between the vortex location
and the pitching motion of the airfoil was deter-
min:d frowm measurements of the vortex center on an
axis parallel to the chord. The vortex center was
defin:d to be equidistant from the leading and
trailing edges of the stall vortex at esch angle
of attack,

Plots of the stall vortex center location as
a function of attack angle are shown in figures Sa
and 5b for a = 0.1 and 0.2 respecrively. The
attack angle at which the stall vortex center
moves to the x/c = 0,25 position colncldes with
the angle at which the stall vortex growth rate
undergoes a rapid increase for both o wvalues of
0.1 and 0,2, This result Indicates that a possi-
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Fipure 4b. Dynamic stall vortex growth+as a
function ef atrack angle, a = 0.2,
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Figure 5a, Dyunamic stall vortex position along
the airfoil versus angle of attack,
a = 0.1, U = 20 fr/sec.
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Figure Sh. Uynamic stall vortex position along
the airfoil versus angle of actack,
a = 0.2, U= 20 ft/sec.
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Yle counection between the pivot location and the
asvawic stall vortex behavior may exist.  Further
experimencs  are aceded to o clarvity this pousei-
bility.

Surface ressure Measuremeuts

Instantaneous upper surtdce pressure lvai?
have been suggested previously by Walker et al.
to be apparently closely comnected to the develop-
ment  and motion of  the dynamic stall vortex.,
Figure © gives a direct coaparison between the
enhanced flow visualization images and instan-
taneous upper suvtace pressure levels for an o =
0.2 situation, The comparisons show that  the
tormation of  the dywamic srall vortex on the
forward scction of the airfoil upper surface at an
attack angle of approsimately 25°  corresponds
closely to the location of a compact area of high
magnitude negative pressure. Tras areca of low
pressure apparceintly moves with the stall vortex as
indicated ir the a = 307 view and becomes less
intense as the stall vortex grows and evertually
deparrs from the airtoil at an an,.e of attuck
acar 40°. Both the upper surface niessure levels
and the surface pressure gradient are shown in the
graphs. The surfice pressure gradient curves are
especially wuseful for determining the wmotion of
the dynamic ytall vortex in association with the
movement of the large peak  in  the pressure
gradient,
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Figure 6a. Comparison between enhanced imoge and
upper surface pressure distributions,
a = 25°,
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Comparison btween enhanced image and
upper surface pressuve distributions,
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Comparison between enhanced image and
upper surface pressure distributions,
a = 40°,




Figuie 7 spows lifv coctficients obtained
trom both upper and lower surface pressure med-
surements as a tunction ot a tor an a = 0,2, The
lift cocfticient curves indicate that a general
reduction in ylope occurs near an atvack amgle of
24 which corresponds closely to the ebservation
ot the vortex dnitiation angle mentioned  pre-
viously, The cutve acquitey a negdative  slaope
near an attack apgle o 38% which corresponds
clusely to the bepianing of the tast vortex prowth
ceglon previously discussed,
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Figure 7. Lift cocfficiint oo a functicp of

actack angle for statie ani dynamice

aivfoll pictching motion, « = 0.2.

Figure 8 displays the experimentally measured

presyure drag coefficient as a funccion ¢f o for
an a = 0,Z, lve diay voulicient iuncreases wp tn
approximately  45°  qud then  bepins  a  steady
decrease.  The bepinning ot this decrease in drag
level appears to correspuend closely to the angle
of detachment of the =131 vortex from the airfoil
surface obscrved previcusl ..

Analysis of Vorticity Lenerat:vn

To explain the Jarge chaages in maximum life
cvefficient experienced by tho cictoil ac these
relatively low pitching rates an analysis  of
vorticity generarior from the ol.roil surligi
needs to be developed. In a recent work Morton
has  shown that the vorticity generation in a
homogeneous tluid may only tae place at rigid
boundaries aund that the generating mechanisms are
the tangential suarface pressure gradient and the
tangential surface acceleratrion of the boundary.
This deduction can be mathematically represented
by the equation

de -1 éﬂ dUg
T - A T S

where dT_/dt is the flux of z direction vorticity
from the” surface fluld density, 3p/ds o 1s the
tangential  pressure gradient along the rigid
surface in a directioun normal te the z axis, and
dUh/dL 1s the tongential acceleration in the s

divection of the rigid surface. This equation

194

Figure 8. Pressure drag cocfiicicnt as a tunctien
i

ol actack angle, a = 0.2,

explicitly separates the effects of the fluid
dynamics through the pressure gradient from the
ettects of the rigid surface aczeleration on the
vorticity generation rate at the suvtace, Al-
though the surface pressure gradient is dependent
upon the flow and caunot easily be obtained tor
turbulent flows, except from experiments, the
surface acceleration term can be easily calculates
for specific experimental situations,

For the case of an aixfoil pitching abcut a
fixed pivot the surface accelerarion term can be
siven by the following relation

dau
s

el
e r, (67 cos(B + £) + & sin(0 + £)]){2)

For the specific airfeil experiments evalu-

ated thus far, & was wmaintained constant during
the measurements so equation (2) reduces simply to

9
at =T, 47 cos(2 4 D) (3)

du

134

The surrace acceleration term for a specific
airfoil geomerty pitching about at a fixed pivot
arv a constgnt roration rate is thus solely depend-
ent on 67, Competition bertween the pressure
gradient term and the surface acceleration term
with respect to vorticity generatiou forchnsgant
density flow can therefore be scaled by &7¢“/U7 ur

&c/U_. This nondimensional parameter has in fact
been yoted previously by Walker, Helin, and
Chou as 2 primary controlling factor in their

pitching airfoil cxpcriﬁpnts. This parvameter was
assiQng the symbol o by Walker, Helin, and
Chou .

Figure 9 shows the computed values of the
vorticity flux density {rom the top surface of a
NACA 0015 airfoil as a function of chord position
for various values of the parameter a’. For these
curves the hinge position was 1located on the
airfoil chord at .25 ¢ from the leading edge.
The results show that both possiiive and negative
vorticity is produced by the top surface of the
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Figure 9, Tangential surface acceleration cyrves
for pitching airfell at vavious a

values with pivoet at Xy = 0.25.

airfeil with a zero vorticity flux lecated ap-
rroximately at the hinge location because the sum
of the two angles (8 *+ f) goes through 90° in this
viciaity. Since the NACA 0015 s a symmetric
airfoil the bottom surface vorticity production is
a negative of the top surface generation rate, and
the total dnstaptancous vorticity genevation
produced by the tangential surface acceleration of
the pitching airfoil will be identically zere at
all timezé) In additicn one can also conclude from
Morton's discussion that the total wvorticity
production from the tangential surface pressure
gradient will «lso identcally cancel at all times
such that uo net vorcicity is created by the body.

The determination of the verticity generationm
by the tangential surrace pressure gradients is
considerably more complex thaun the suiface accel-
eration analysis since the surface pressure
gradient depends dirertly on the flow character.
To evaluate this generation term point surface
pressure wmeasurements  from  the  experimental
results were analyzed.

Tyrical surface pressure results are shown
for a value of a = 0.2 at various attack angles
below 20° ia figure 10. The surface pressure
gradieants at all angles of attack are positive
over most of the airfoil top surface., According
to equation (1) these positive gradients will
produce positive z direction wverticity. Litls
positive vorticity production will tend to induce
reversed or separated flow close to the airfoil,
This is, of course, the sityation that arises in
steady aerodynamics as the attack angle nears the
stall angle, and the separation reglon spreads
over the airtoll surface. For pitching airfoils
this result is avoided by apparently inhibiting
the spread of the separation region over the upper
airfoil surface.

A comparison of the two vorticity generation
terms can now be made. The negative z vorticity
produced by the surface acc¢eleration term down-
stream of the pivot location will tend to counter-
act the positive vorticity produced by the surface
pressure gradients. However, for cases involviug
relatively low u values (0.1 - 0.,4) it would not
appear that the surface accelevation values are of
comparable magnitude to the levels of pressure
gradient encountered even 2t moderately low angles
of attack. The large {influence of the airfoil
pitching motion on the maf{?um coefficient of {*ft
observed by Walker et al, and Juwmper et al,
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Fipure l0a. lustantancous upper surface pres
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Figure 10c. a = 20°, « = 0.2.

can thus
through a

apparently not  be
simple
terws.

explained
superposition of
generation Since the surface
gradient term 1is a consequence of the ({luid
dynamics of the system, small changes i1in the
boundary conditions must be rteflected as large
effects 1n the flow through the nonlincavity of
the high Reynolds number flow processes.

eagily
vorticity
pressure

Counclusions
xoncusions

The results of this study indicate that the
development of the dynamic stall vortex on a

pitching airfoil corresponds closely to a leveling



ot the M{ft cutve as a tum tion of attack angle.
The later fast growid of the stall wvortex is
indicated &as corre pouding to a reduction in the
iift curve with ancreasing attack angle. In
additfon 1t wa. observed that a general decrease
in pressure drag vwas associated with the departure
ot the stall vortex from the airfoil surface.
These tindiugs indicate that the development and
growth of the dynamic stall vortex can be associ-
wied with the loss of vorticity from the boundary
layer of the airioil with a conscquent loss in
1ift. The dynamilc stall vorrex thus appears to be
larpely a consequence ot the wunsteady aiifeil
motion and not a fundamental generatflon mechanism
for producing the enhanced lifr.  Since wmuch of
the enhanced 1ift of the airfoil occurs prior to
the dnitiatfon of the dynamic vortex, it would
dappedr that the unsteady motion of the airfoil
itself 1s primarily responsible tor the large
enhancements in observed lifc.

Based o these previeus observations the
vorticity production by the unsteady airfoil
motion should be of considervable importance for
understanding the large chauges in near surface
frow character. Ipvestigarion of the vorticity
production by the unsteady surface motion and the
instantaneous surtfacge pressure  gradient terms
indicated that the a  parameter should be related
to the relative strengths of these two terms for
constant pitch rate moriens. This result supportyg
experimental findings which had also found that a
was a controlllng nondimensional parameter for
constant pitch rate situacions.
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